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Abstract 

Although  most  plates  for  submarine  hulls  are  not  normally  stress- 
relieved,  highly  deformed  hull  plates  are  stress-relieved  and  plates  for  other 
applications  may  require  stress  relieving.  Therefore,  a  study  was  initiated 
to  determine  the  effect  of  stress  relieving  for  times  up  to  125  hours  in  the 
temperature  range  950  to  1050  F  on  the  properties  of  quenched  and  tempered 
plates  of  the  5Ni-Cr-Mo-V  experimental  HY-130/150  steel.  In  addition,  the 
effect  of  tempering  for  similar  times  and  temperatures  on  the  properties  of 
quenched  plates  was  determined.  For  comparison,  similar  studies  were 
conducted  on  an  open-hearth  and  on  an  electric- furnace  HY-80  steel. 

The  tempering  study  showed  that  the  5Ni-Cr-Mo-V  steel  was  more 
resistant  to  softening  during  long-time  tempering  than  the  HY-80  steels  and 
that  its  Charpy  V-notch  energy  absorption  in  the  yield-strength  range  130  to 
150  ksi  was  higher  than  those  of  the  HY-80  steels.  However,  the  5Ni-Cr-Mo-V 
steel  was  more  susceptible  to  temper  embrittlement  than  the  HY-80  steels. 

The  stress-relieving  study  showed  that  the  yield  strength  of 
quenched  and  tempered  HY-80  steels  (about  90  ksi)  was  not  significantly 
changed  by  stress  relieving  the  steels  for  times  up  to  125  hours  at  tempera¬ 
tures  of  950  to  1050  F.  The  yield  strength  of  quenched  and  tempered  5Ni-Cr- 
Mo-V  steel  (about  145  ksi)  was  not  significantly  affected  by  similar  stress- 
relieving  treatments  except  that  stress  relieving  at  the  highest  temperature 
(1050  F)  and  longest  time  (125  hours)  did  lower  the  yield  strength  about 
25  ksi. 

The  transition  temperature  of  the  HY-80  and  the  5Ni-Cr-Mo-V  steels 
was  raised  by  the  stress-relieving  treatments,  particularly  by  the  125-hour 
treatment  followed  by  slow  cooling.  However,  the  transition  temperature  of 
the  HY-80  steels  was  not  raised  enough  to  affect  the  energy  absorption  at  0  F, 
whereas  the  transition  temperature  of  the  5Ni-Cr-Mo-V  steel  was  raised  enough 
to  lower  the  energy  absorption  at  0  F. 

The  stress-relief  embrittlement  of  the  5Ni-Cr-Mo-V  steel  does  not 
appear  to  be  a  serious  problem  except  in  very  heavy  plates  that  would  be 
stress-relieved  many  times,  a  practice  that  is  not  common.  Studies  are  now 
in  progress  to  determine  whether  minor  composition  changes  can  reduce  the 
susceptibility  of  the  5Ni-Cr-Mo-V  steel  to  temper  embrittlement. 
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Introduction 


1  2)  * 

Recent  Applied  Research  Laboratory  studies  '  have  indicated  that 
a  5Ni-Cr-Mo-V  steel,  in  1/2-  through  4-inch- thick  plates,  is  promising  as  an 
HY-130/150  submarine-hull  steel.  Although  submarine  hulls  are  not  stress- 
relieveid,  highly  deformed  subassemblies  may  be  stress-relieved  and  other  hull 
applications  may  require  stress  relieving.  Therefore,  a  study  was  initiated 
to  determine  the  effects  of  stress  relieving  for  times  up  to  125  hours  in  the 
tem.perature  range  950  to  1050  F  on  the  mechanical  properties  of  water-quenched 
and  blower-cooled  1/2- inch- thick  plates**  of  an  electric- furnace  heat  of  the 
5Ni-Cr-Mo-V  steel.  For  comparison,  a  similar  study  was  conducted  on  1/2-inch- 
thick  plates  of  both  open-hearth  (0.18%  C)  and  electric-furnace  (0.14%  C) 

Hy-80  steel.  Simultaneously,  studies  were  conducted  on  the  effect  of  long¬ 
time  tempering  treatments  on  the  properties  of  the  three  steels.  The  present 
report  describes  the  results  of  these  studies. 

Materials  and  Experimental  Work 

Cross-rolled  1/2-inch-thick  plates  of  three  production  steels  of 
the  compositions  shown  in  Table  I  were  evaluated.  Steel  A  is  an  open-hearth 
HY-80  steel.  Steel  B,  an  electr ic- furnace  HY-80  steel,  and  Steel  C,  an 
electric- furnace  5Ni-Cr-Mo-V  steel.  Parent  plates  of  each  steel  were 
sectioned  into  5-  by  8-inch  plate  samples  (up  to  38  plate  samples  per  steel) 
for  heat-treatment  studies. 

*See  References. 

**Blower  cooling  l/2-inch-thick  plates  simulates  water  quenching  4-inch-thick 
plates . 

_ _ 
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Tempering  Studies 

To  determine  the  effect  of  temperinq  variables  on  the  three  steels, 

twelve  1/2-inch- thick  plate  samples  of  each  steel  were  austenitized  for  2 

hours  at  1650  F  (Steels  A  and  B)  or  at  1500  F  (Steel  C)  and  blower-cooled  to 

simulate  the  cooling  rate  at  the  midthickness  of  a  water-quenched  4-inch-thick 

3) 

plate.  Individual  plate  samples  were  then  tempered  for  5,  25,  and  125 
hours  at  950,  1000,  and  1050  F  and  slow-cooled  (in  Sil-O-Cel) .  In  addition, 
six  1/2 -inch- thick  plate  samples  of  each  steel  were  austenitized  for  30 
minutes  at  the  temperatures  described  above  and  water-quenched.  Individual 
plate  samples  were  then  tempered  for  25  hours  at  950,  1000,  and  1050  F  and 
either  water-quenched  or  slow-cooled  (in  Sil-O-Cel) .* 

Stress-Relieving  Studies 

To  determine  the  effect  of  stress-relieving  variables  on  the  three 
steels  in  the  quenched  and  tempered  condition,  thirteen  1/2- inch- thick  plate 
samples  of  each  steel  were  austenitized  for  2  hours  at  1650  F  (Steels  A  and 
B)  or  at  1500  F  (Steel  C) ,  blower-cooled,  tempered  for  2  hours  at  1250  F** 
(Steels  A  and  B)  or  at  1050  F**  (Steel  C) ,  and  blower-cooled.  One  plate 
sample  of  each  steel  was  not  stress-relieved.  The  remainder  of  the  plate 
samples  were  individually  stress-relieved  for  5,  25,  and  125  hours  at  950, 

*Only  three  plate  samples  of  Steel  A  were  water-quenched  after  austenitizing; 
these  plates  were  then  tempered  and  slow-cooled. 

**These  tempering  temperatures  were  selected  so  that  the  yield  strength  of 
the  HY-80  sreels  would  be  about  90  ksi  and  that  of  the  5Ni-Cr-Mo-V  steel 
would  be  about  140  ksi. 
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1000,  and  1050  F  and  slow-cooled  (in  Sil-O-Cel) .  The  long  stress-relief 
times  (25  and  125  hours)  and  the  very  slow  cooling  rate  after  stress  relief 
were  selected  so  that  the  most  severe  embrittlement  would  result,  even  though 
such  severe  conditions  are  unlikely  to  occur  in  practice.  In  addition,  seven 
1/2-inch-thick  plate  samples  of  each  steel  were  austenitized  for  30  minutes 
at  the  temperatures  described  above,  water-quenched,  tempered  for  30  minutes 
at  1275  F*  (Steels  A  and  B)  or  at  1080  F*  (Steel  C) ,  and  water-quenched.  One 
plate  sample  of  each  steel  was  not  stress-relieved.  The  remainder  of  the 
plate  samples  were  individually  stress-relieved  for  25  hours  at  950,  1000, 
and  1050  F  and  either  water -quenched  or  slow-cooled  (in  Sil-O-Cel) . 

Mechanical  Tests 

Two  longitudinal  0.252-inch-diameter  tension- test  specimens  and  ten 
to  twelve  longitudinal  Charpy  V-notch  impact-test  specimens  were  machined  from' 
each  heat-treated  1/2 -inch- thick  plate  sample.  The  tension-test  specimens 
were  tested  at  room  temperature,  and  duplicate  or  triplicate  impact- test 
specimens  were  tested  in  the  range  -320  to  180  F. 

Metal loqraphic  Studies 

Representative  specimens  of  each  steel  and  condition  were  examined 
by  means  of  light  and  electron  microscopy.  Photomicrographs  were  prepared 
to  illustrate  the  structure  of  selected  samples. 

* These  tempering  temperatures  were  selected  so  that  the  yield  strength  of 
the  HY-80  steels  would  be  about  90  ksi  and  the  yield  strength  of  the 
5Ni-Cr-Mo-V  steel  would  be  about  140  ksi. 
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Results  and  Discussion 

Mechanical  Properties 

Tempering  Studies.  The  mechanical  properties  obtained  from  studies 
in  vhich  1/2-inch- thick  water-quenched  and  1/2-inch-thick  blower-cooled  plate 
samples  of  the  I'hree  production  steels  were  subjected  to  (1)  variations  in 
tempering  temperature  in  the  range  950  to  1050  F,  (2)  variations  in  tempering 
time  in  the  range  5  to  125  hours,  and/or  (3)  two  different  cooling  rates 
(water  quenching  and  slow  cooling)  after  tempering  for  25  hours  are  given  in 
Appendix  Tables  A  through  F.  The  salient  results  are  summarized  in  Table 
II  and  Figure  1. 

Figure  1  shows  that  the  yield  strength  of  Steel  A  decreased 
significantly  as  the  tempering  time  was  increased  from  5  to  125  hours  at  the 
three  tempering  temperatures  investigated.  Correspondingly,  the  energy 
absorjJtion  increased  as  the  yield  strength  decreased  except  at  the  1000  F 
tempering  temperature  for  125  hours  where  it  decreased  slightly  and  at  the 
1050  F  tempering  temperature  for  25  and  125  hours  where  the  increase  was  less 
than  the  proportionate  yield-strength  decrease.  This  behavior  indicates  a 
small  susceptibility  of  open-hearth  HY-80  steel  to  temper  embrittlement. 

The  results  for  Steel  B  were  generally  similar  to  those  for  Steel  A 
except  that  corresponding  yield  strengths  were  slightly  lower  and  energy 
absorptions  at  0  F  were  slightly  higher  for  Steel  B  than  for  Steel  A.  The 
differences  are  probably  related  to  the  lower  carbon  content  of  Steel  B. 
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The  increase  in  energy  absorption  with  decreased  yield  strength  for  Steel 


B  was  consistent  for  all  tempering  temperatures  and  times,  which  indicates 
that  the  electric- furnace  HY-80  steel  was  essentially  free  from  susceptibility 
to  temper  embrittlement. 

The  results  for  the  5Ni-Cr-Mo-V  steel  indicate  that  it  is  much 
more  resistant  to  softening  than  HY-80  steel  when  both  steels  are  tempered 
in  the  range  950  to  1050  F.  Except  when  tempered  at  1000  F  or  1050  F  for 
125  hours,  the  5Ni-Cr-Mo-V  steel  exhibited  yield  strengths  exceeding  135  ksi. 
In  addition,  on  a  yield-strength — toughness  basis,  the  energy  absorption  of 
the  5Ni-Cr-Mo-V  steel  was  significantly  better  than  that  of  HY-80  steel. 
However,  the  5Ni-Cr-Mo-V  steel  did  exhibit  a  greater  susceptibility  to 
temper  embrittlement  than  HY-80  steel.  When  the  5Ni-Cr-Mo-V  steel  was 
tempered  at  950  F  for  125  hours,  at  1000  F  for  25  or  125  hours,  or  at  1050  F 
for  25  hours,  the  energy  absorption  decreased  markedly  even  though  the  yield 
strength  remained  constant  or  decreased  slightly.  The  greatest  susceptibility 
of  the  5Ni-Cr-Mo~V  steel  occurred  when  it  was  tempered  at  950  F  or  1000  F, 
which  is  below  the  minimum  recommended  tempering  temperature  of  1050  F,  In 
addition,  the  tempering  treatments  employed  were  intended  to  simulate  the 
most  severe  conditions  that  might  be  encountered — extremely  long  tempering 
times  for  very  heavy  plates  that  would  be  furnace-cooled  from  the  tempering 
temperature.  Thus  thinner  plates,  which  would  cool  more  rapidly  even  if 
air-cooled,  or  thicker  plates,  which  could  be  readily  quenched  from  the 
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tempering  temperature,  would  exhibit  far  less  temper  embrittlement  even  when 


tempered  for  long  times.  Thup,  the  observed  susceptibility  of  the  5Ni-Cr-Mo-V 
steel  to  temper  embrittlement  under  the  severe  conditions  investigated  is 
not  considered  a  serious  deterrent  to  its  use  in  submarine  hulls. 

Stress-Relieving  Study.  The  mechanical  properties  obtained  from 
studies  in  which  1/2-inch-thick  water-quenched  and  tempered  and  1/2- inch- thick 
blower-cooled  and  tempered  plate  samples  were  subjected  to  (1)  variations  in 
stress-relieving  temperature  in  the  range  950  to  1050  P,  (2)  variations  in 
stress-relieving  time  in  the  range  5  to  125  hours,  and/or  (3)  tv/o  different 
cooling  rates  (water  quenching  and  slow  cooling)  after  stress  relieving  for 
25  hours  are  given  in  Appendix  Tables  G  through  L.  The  salient  results  are 
summarized  in  Table  III  and  are  plotted  in  Figures  2  through  6.  As  shown  in 
Table  III,  the  yield  strength  of  the  blower-cooled  and  tempered  plates  of  the 
HY-SO ‘steels  varied,  after  stress  relieving,  from  87  to  93  ksi  for  Steel  A 
and  from  83  to  91  ksi  for  Steel  B.  Thus,  the  yield  strength  was  insignifi¬ 
cantly  affected  by  variations  in  stress-relieving  temperature  or  time. 
Tempering  Steel  C  for  times  up  to  125  hours  at  950  F,  1000  F,  and  1050  F  did 
not  significantly  affect  the  yield  strength  except  at  1050  F  for  125  hours. 
This  particular  combination  resulted  in  a  25  ksi  decrease  in  the  yield 
strength . 

The  energy-absorption  values  at  0  F  for  the  HY-SO  steels  were  not 
significantly  affected  by  variations  in  stress-relieving  conditions  because 
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all  HY-80  specimens  (at  an  average  yield  strength  of  90  hsi)  exhibited  100 
percent  shear  fractures  when  tested  at  0  F.  However,  the  energy-absorption 
values  at  -160  F  (Figures  2  and  3}  were  significantly  reduced,  and  the  50 
percent  shear-fracture-appearance  transition  temperatures  (FATT)  and  15-mil 
lateral-expansion  transition  temperatures  of  the  HY-80  steels  (Table  III) 
were  significantly  increased  by  increases  in  stress-relieving  time  at  stress- 
relieving  temperatures  of  950  F,  1000  F,  and  1050  F.  Slow  cooling  after 
stress  relieving  for  25  hours  (as  compared  with  water  quenching)  also 
slighcly  increased  the  FATT  and  the  15-mil  lateral-expansion  transition 
temperatures  of  the  HY-80  steels.  Appendix  Tables  H  and  J. 

The  energy-absorption  values  at  0  F  for  the  5Ki-Cr-Mo-V  steel  were 
significantly  reduced  by  increasing  the  time  at  a  given  stress-relieving 
temperature  (Table  III) .  For  example,  the  blower-cooled  and  tempered  (non- 
stress-relieved)  plates  that  absorbed  81  ft-lb  at  0  F  (at  a  yield  strength 
of  143  ksi) ,  absorbed  only  14,  18,  and  46  ft-lb  at  0  F  when  stress-relieved 
for  125  hours  at  950,  1000,  and  1050  F,  respectively  (at  yield  strengths  of 
143,  136,  and  118  ksi,  respectively) .  Figure  5  shows  that  the  0  F  test 
temperature  was  below  the  impact-shelf  region  (less  than  100%  shear  fracture) 
for  the  5Ni-Cr-Mo-V  steel  plates  stress-relieved  for  long  times.  Thus,  the 
energy  absorptions  of  the  5Ni-Cr-Mo-V  steel  were  lowered  by  the  aforementioned 
stress-relieving  treatments  because  the  treatments  increased  the  transition 
temperature  so  that  impact  tests  at  0  F  were  within  the  transition- 
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terAperature  range.  The  impact-energy  curves  for  the  5Ni-Cr-Mo-V  steel  plates 
stress-relieved  for  125  hours  at  950  F  or  at  1000  F  (Figure  5)  were  shifted 
markedly  downward  and  to  the  right.  Reference  to  the  50  percent  shear- 
fracture-appearance  and  15-mil  lateral-expansion  transition  temperatures 
(Table  III)  shows  that  the  FATT  was  raised  as  much  as  270  F  and  the  15-mil 
lateral-expansion  transition  temperature  was  raised  as  much  as  275  F  by  the 
125-hour  stress  relief. 

Figure  6  shows  that  the  notch  toughness  of  the  5Ni-Cr-Mo-V  steel 
was  generally  impaired  by  slow  cooling  after  stress  relieving  for  25  hours 
compared  with  water  quenching  after  stress  relieving.  The  water-quenched 
and  tempered  plates.  Figure  6A,  were  embrittled  slightly  more  than  the 
blower-cooled  and  tempered  plates.  Figure  6B,  when  stress-relieved  at  1000  F 
for  25  hours  and  water-quenched  or  slow-cooled  after  stress  relieving.  For 
the  ccJoling  rates  studied,  the  water-quenched  and  tempered  plates  of  the 
5Ni-Cr-Mo-V  steels  were  most  severely  embrittled  when  they  were  stress- 
relieved  at  950  F  (followed  by  water  quenching) ,  Figure  6C,  whereas  the 
blower-cooled  and  tempered  plates  were  most  severely  embrittled  when  they 
were  stress-relieved  at  1000  F  (followed  by  slow  cooling).  Figure  6D. 

The  foregoing  data  indicate  that  the  notch  toughness  of  the  5Ni-Cr- 
Mo-V  steel  is  markedly  impaired  when  the  steel  is  stress-relieved  at  about 
1000  F  for  times  greater  than  about  5  hours.  This  impairment  is  probably  a 
manifestation  of  temper  embrittlement.  The  HY-80  steels  were  also  susceptible 
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to  temper  embrittlement  but  to  a  lesser  extent,  probably  because  of  the 


lower  alloy  content  of  the  HY-80  steels  and  of  the  higher  tempering 
temperatures  (1250  and  1275  F)  and  lower  strength  of  the  HY-80  steels 
coitpared  with  those  of  the  5Ni-Cr-Mo-V  steel. 

The  conditions  selected  in  the  tempering  study  for  investigating 
the  effects  of  stress  relieving  on  the  properties  of  the  5Ni-Cr-Mo-V  steel 
were  extreme.  With  stress-relieving  times  up  to  5  hours,  the  embrittlement 
is  insignificant  even  with  slow  cooling  after  stress  relieving.  With  stress- 
relieving  times  up  to  25  hours,  the  embrittlement  is  only  moderate.  Thus, 
only  very  heavy  plates  that  require  many  stress-relieving  treatments  during 
fabrication  and  that  are  cooled  very  slowly  after  stress  relieving  would  be 
seriously  embrittled. 

Metalloqraphic  Studies 

The  microstructures  of  the  blower-cooled  and  tempered  and  of  the 
blower-cooled,  tempered,  and  stress-relieved  (for  125  hours  at  1000  F) 
specimens  of  the  electric- furnace  HY-80  steel  (Steel  B)  and  the  electric- 
furnace  5Ni-Cr-Mo-V  steel  (Steel  C)  are  shown  in  Figures  7  and  8  (HY-SO  steel) 
and  Figures  9  and  10  (5Ni-Cr-Mo-V  steel)  . 

As  mentioned  previously,  the  HY-80  steel  did  not  embrittle  nearly 
as  greatly  as  did  the  5Ni-Cr-Mo-V  steel  after  stress  relieving  for  125  hours 
at  1000  F.  Comparison  of  the  microstructure  of  the  non-stress-relieved 
specimen  of  the  HY--80  steel  (Figure  7)  with  that  of  the  corresponding 
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specimen  stress-relieved  for  125  hours  at  1000  F  (Figure  8)  indicates  that 
there  was  little  difference  between  the  microstructures  of  the  two  specimens. 
Both  specimens  exhibited  typical  tempered  microstructures  (for  steels  tempered 
at  1250  F)  of  ferrite  carbide  aggregate  wherein  the  carbides  are  coalesced 


and  the  ferrite  matrix  has  an  open  appearance. 

The  non-stress-relieved  specimen  of  the  5Ni-Cr-Mo-V  steel  exhibited 
a  tempered  microstructure,  Figure  9,  somewhat  different  from  that  of  the 
corresponding  specimen  of  HY-80  steel.  Figure  7,  largely  because  the 
5Ni-Cr-Mo-V  steel  was  tempered  at  1050  F,  whereas  the  HY-80  steel  was 
tempered  at  1250  F.  The  non-stress-relieved  5Ni-Cr-Mo-V  steel  exhibited 
fewer  large  carbide  particles  than  the  corresponding  HY-80  steel  and,  in 
addition,  exhibited  a  large  amount  of  a  fine  needle-liXe  precipitate .  This 
fine  precipitate,  which  may  be  vanadium  carbide,  is  probably  responsible 
for  the  resistance  of  the  5Ni-Cr-Mo-V  steel  to  softening  during  tempering. 
Stress  relieving  the  tempered  5Ni-Cr-Mo-V  steel  for  125  hours  at  1000  F 
decreased  the  amount  of  the  needle-like  precipitate  and  increased  the  number 
of  the  larger  carbide  particles,  many  of  which  are  concentrated  in  the  grain 
boundaries,  Figure  10. 

The  microstructures  of  the  (1)  water -quenched  and  tempered,  (2) 

I  water-quenched,  tempered,  and  stress-relieved  (for  25  hours  at  1000  F)*,  and 

*Stress-reIieving  times  longer  than  25  hours  were  not  investigated  for  the 
plate  samples  that  were  water-quenched  after  austenitizing. 
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(3)  blower-cooled,  tempered,  and  stress-relieved  (for  25  hours  at  1000  F) 
specimens  of  the  electric-furnace  HY-80  steel  (Steel  B)  are  shown  in  Figures 


11,  12,  and  13;  and  the  microstructures  of  the  corresponding  specimens  of  the 
electric- furnace  5Ni-Cr-Mo-V  steel  (Steel  C)  are  shown  in  Figures  14,  15,  and 
16.  As  mentioned  previously,  the  water-quenched  and  tempered  plates  of 
Steels  A,  B,  and  C  appeared  to  be  somewhat  more  susceptible  to  temper 
embrittlement  than  the  blower-cooled  and  tempered  plates. 

The  photomicrographs  of  the  non-stress-relieved  specimens  of  the 
HY-80  steel  (Figure  11  for  the  water-quenched  plates  and  Figure  7  for  the 
blower-cooled  plates)  depict  typical  tempered  structures;  however.  Figures 
IIB  and  7C  show  that  the  water-quenched  plates  exhibited  more  fine  needle¬ 
like  precipitates  than  did  the  blower-cooled  plates,  and  that  the  blower- 
cooled  plates  exhibited  a  greater  amount  of  coalesced  carbide  particles. 
Comparison  of  the  microstructure  of  a  water-quenched  and  tempered  (non- 
stress-relieved)  specimen  of  HY-80  steel  (Figure  11)  with  that  of  a  corres¬ 
ponding  specimen  stress-relieved  for  25  hours  at  1000  F  (Figure  12)  shows 
that  i^tress  relieving  resulted  in  additional  coalescence  of  the  carbide 
particles;  however,  some  evidence  of  the  fine  needle-like  precipitate 
remained.  The  microstructure  of  a  blower-cooled  and  tempered  (non-stress- 
relieved)  specimen  of  HY-80  steel  (Figure  7)  and  of  a  corresponding 
specimen  stress-relieved  for  25  hours  at  1000  F  (Figure  13) was  generally 
similar . 
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The  photomicrographs  of  the  non-stress-relieved  specimens  of  the 
5Ni-Cr-Mo-V  steel  (Figure  14  for  the  water-quenched  plates  and  Figure  9  for 


the  blower-cooled  plates)  depict  typical  tempered  structures;  however. 

Figures  14B  and  GB  show  that  the  water-quenched  plates  exhibited  a  greater 
amount  of  fine  carbide  particles  than  did  the  blower-cooled  plates. 

Comparison  of  the  microstructure  of  a  watar-quenched  and  tempered  (non-stress- 
relieved)  specimen  of  5Ni-Cr-Mo-V  steel  (Figure  14)  with  that  of  a  corres¬ 
ponding  specimen  stress-relieved  for  25  hours  at  1000  F  (Figure  15)  shows 
that  stress  relieving  resulted  in  a  large  amount  of  semicontinuous  grain¬ 
boundary  carbides.  Comparison  of  the  microstructure  of  a  blower-cooled  and 
tempered  (non-stress-relieved)  specimen  of  5Ni-Cr-Mo-V  steel  (Figure  9)  with 
that  of  a  corresponding  specimen  stress-relieved  for  25  hours  at  1000  F 
(Figure  16)  shows  that  in  this  case,  stress  relieving  resulted  in  an  even 
greater  amount  of  semicontinuous  grain-boundary  carbides;  however,  some 
evidence  of  the  fine  needle-like  precipitate  remained. 

The  metallographic  studies  show  that  the  5Ni-Cr-Mo-V  steel  contains 
more  fine  carbides  than  the  HY-80  steels.  This  is  a  result  of  the  lower 
tempering  temperatures  employed  for  the  5Ni-Cr-Mo-V  steel  and  of  the  resist¬ 
ance  to  tempering  afforded  by  the  presence  of  vanadium  in  the  5Ni-Cr-Mo-V 
steel.  At  least  part  of  the  embrittlement  occurring  in  the  5Ni-Cr-Mo-V  steel 
as  a  result  of  stress  relieving  and  of  slow  cooling  from  stress-relieving 
temperatures  is  associated  with  the  formation  of  a  semicontinuous  film  of 
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grain-boundary  carbides.  There  is  no  appreciable  tendency  for  grain-boundary 


carbides  to  form  in  the  HY-80  steels. 

Summary 

The  present  study  wa.s  conducted  to  determine  the  effects  of  vari¬ 
ations  in  tempering  and  stress-relieving  treatments  on  the  mechanical  proper¬ 
ties  of  an  open-hearth  HY-80  steel,  an  electric-furnace  HY-80  steel,  and  an 
electric-furnace  5Ni-Cr-Mo-V  steel.  Austenitized  and  water-quenched  1/2-inch- 
thick  plates  and  austenitized  and  blower-cooled  1/2-inch-thick  plates  (both 
tempered  and  untempered  plates)  were  subjected  to  tempering  treatments 
(un tempered  plates)  or  stress-relieving  treatments  (tempered  plates)  for 
times  up  to  125  hours  at  temperatures  in  the  range  950  to  1050  F  and  eitner 
water-quenched  or  slow-cooled.  The  results  may  be  summarized  as  follows: 
Tempering  Study 

1.  The  yield  strength  of  the  HY-80  steels  was  more  significantly 
reduced  by  an  increase  in  tempering  temperature  and/or  tempering  time  than 
v'as  the  yield  strength  of  the  5Ni-Cr-Mo-V  steel.  The  notch  toughness  of  the 
three  steels,  particularly  that  of  the  HY-80  steels,  generally  increased  as 
the  yield  strength  decreased. 

2.  Although  the  5Ni-Cr-Mo-V  steel  was  more  susceptible  to  temper 
embrittlement  than  the  HY-80  steels,  the  5Ni-Cr-Mo-V  steel  exhibited  notch 
toughness  that  was  generally  superior  to  that  of  the  HY-80  steels  in  the 
yield-strength  range  130  to  150  ksi. 
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Stress-Relieving  Study 

1.  The  yield  strength  of  the  HY-80  steels  (about  90  ksi)  was 
insignificantly  affected  by  variations  in  stress-relieving  temperature  or 
time,  but  the  yield  strength  of  the  5Ni-Cr-Mo-V  steel  (about  145  ksi)  was 
slightly  to  moderately  reduced  when  the  blower-cooled  and  tempered  plates 
were  stress-relieved  for  125  hours  at  1000  F  or  1050  F. 

2.  The  energy-absorption  values  at  0  F  for  the  HY-80  steels  were 
not  significantly  affected  by  variations  in  stress-relieving  conditions; 
however,  the  energy-absorption  values  at  -160  F  were  significantly  reduced 
and  the  50  percent  shear-fracture-appearance  transition  temperatures  and  the 
15-mil  lateral-expansion-transition  temperatures  of  the  HY-80  steels  were 
significantly  increased  as  the  stress-relieving  time  was  increased  up  to 
125  hours  for  stress-relieving  temperatures  of  950,  1000,  and  1050  F.  Slow 
cooling  after  stress  relieving  (as  compared  with  water  quenching)  also 
impaired  the  notch  toughness  of  the  HY-80  steels. 

3.  The  energy-absorption  values  at  0  F  for  the  5Ni-Cr-Mo-V  steel 
were  significantly  reduced  by  increasing  the  stress-relieving  time  at  a  given 
stress-relieving  temperature  or  by  slow  cooling  after  stress  relieving  at 
temperatures  of  1000  or  1050  F;  this  reduction  in  notch  toughness  was 
associated  with  an  increase  in  the  transition  temperature — as  measured  either 
by  the  50  percent  shear-fracture  appearance  or  by  the  15-mil  lateral- 
expansion  transition  temperatures. 
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4.  The  impairment  of  notch  toughness  caused  by  slow  cooling  after 
stress  relieving  was  somewhat  more  severe  for  the  water-quenched  and  tempered 
1/2-inch-thick  plates  of  the  5Ni-Cr-Mo-V  steel  than  for  the  blower-cooled  and 
tempered  1/2- inch- thick  plates  (simulated  4-inch-thick  plate) . 

5.  Metallographic  studies  indicate  that  the  formation  of  a  semi- 
continuous  grain-boundary  network  during  stress-relieving  treatments  and 
during  slow  cooling  from  stress-relieving  temperatures  is  at  least  partly 
responsible  for  the  embrittlement  of  the  5Ni-Cr-Mo-V  steel. 

The  results  indicate  that  the  5Ni-Cr-Mo-V  steel  is  susceptible  to 
embrittlement  when  stress-relieved  for  very  long  times  and  cooled  slowly  after 
stress  relieving.  However,  the  embrittlement  does  not  appear  to  be  a  serious 
problem  because  the  embrittling  conditions  are  not  commonly  encountered- 

Recommendations  and  Future  Work 

Studies  are  currently  in  progress  to  determine  whether  the  temper 
embrittlement  observed  in  the  5Ni-Cr-Mo-V  steel  is  caused  by  the  residual 
elements  (P,  S,  O,  and  N) ,  by  the  relatively  high  manganese  content,  and/or 
by  the  vanadium  content  of  the  steel. 
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*W0  means  water-quenched  after  a  30-minute  austenitizing  treatment  at  1650  F  and  a  30-minute  tempering 
treatment  at  1275  F;  DC  means  blower- cooled  after  a  2-hour  austenitizing  treatment  at  1650  F  and  a 
2-hour  tempering  treatment  at  1250  F  (1/2- inch- thick  plate  samples). 

*WQ  means  water-quenched  after  stress- relieving ;  SC  means  slow-cooled  (in  Sil-O-Cel)  after  stress- 
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+Fracture-appearance  (50%  shear)  transition  temperature. 

■•■WQ  means  water-quenched  after  a  30-rainute  austenitizing  treatment  at  1500  F  and  a  30-minuto  tempo 
treatment  at  1080  P;  BC  means  blower-cooled  after  a  2-hour  austenitizing  treatment  at  1500  F  and 
2-hour  tempering  treatment  at  1050  F  (1/2-inch- thick  plate  samples). 

**WQ  means  wator-quenchod  after  stress-relieving r  SC  means  slow-cooled  (in  Sil-O-Cel)  after  stress- 
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Electric-furnace  HY-80  steel.  Blower-cooled  and  tempered  1/2-inch-thick 
plate  sample,  not  stress-relieved.  Super  picral  etch. 
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C.  Electron  photomicrograph.  Xl2,000 


Electric-furnace  HY-80  steel.  Blower-cooled  and  tempered  1/2-inch-thiclc 
plate  sample.  Stress-relieved  for  125  hours  at  1000  F  and  slow-cooled. 
Super  picral  etch. 
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Electric-furnace  5Ni-Cr-Mo-V  steel.  Blower-cooled  and  tempered  1/2- inch- thick 
plate  sample,  not  stress-relieved.  Super  picral  etch. 
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A.  Light  photomicrograph 
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Figure  10 


Electric-furnace  5Ni-Cr-Mo-V  steel.  Blower-cool 
plate  sample.  Stress-relieved  for  125  hours  at 
picral  etch. 
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